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Background: Car tires are important habitats for mosquito development because of the high density populations
they can harbor and their presence in urban settings. Water in experimental tires was treated with one of three
insecticides or an untreated control. Aquatic invertebrates were sampled at weekly intervals. Eggs, larval and pupal
samples were laboratory-reared to estimate seasonal fluctuations in Aedes aegypti and Ae. albopictus abundance.
Results: Spinosad treatments at 1 or 5 ppm (mg a.i./liter) provided 6–8 weeks of effective control of Ae. aegypti, Ae.
albopictus, Culex quinquefasiatus and Cx. coronator larvae, both in the dry season and the rainy season when
mosquito populations increased markedly in southern Mexico. Spinosad continued to provide partial control of
larvae for several weeks after initial recolonization of treated tires. The larvicidal performance of VectoBac 12AS
(Bacillus thuringiensis var. israelensis) was relatively poor with one week of complete control of Aedes spp. larvae and
no discernible control of Culex spp., whereas the duration of larvicidal activity of 1% temephos mineral-based
granules was intermediate between those of VectoBac and spinosad treatments. Populations of chironomids,
ostracods and Toxorhynchites theobaldi were generally reduced in spinosad and temephos treatments, but were
similar in control and VectoBac treatments.
Conclusion: The present study is the first to report spinosad as an effective larvicide against Cx. coronator, which is
currently invading the southern United States. These results substantiate the use of spinosad as a highly effective
mosquito larvicide, even in habitats such as unused car tires that can represent prolific sources of adult mosquitoes.Background
Used car tires are an important habitat for the develop-
ment of container-dwelling mosquitoes many of which
are important vectors of human and wildlife arboviruses.
International trade in tires that may contain mosquito
immature stages has become an important mechanism
for the human-assisted dispersal of some exotic species
[1], most notably Ae. albopictus that has reached the
Americas, Africa and Europe via contaminated car tires
[2,3]. Tire storage facilities, recycling plants and dis-
carded tires are therefore likely to represent localized
sources of medically-important mosquito species in rural
and urban settings. The public health importance of
mosquito development in tires is clearly recognized [4].
Tires provide four characteristics that favor the develop-
ment of container-dwelling mosquitoes: (i) they provide* Correspondence: trevor.inecol@gmail.com
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reproduction in any medium, provided the orshaded conditions in their interior that is favored for ovi-
position by many species, (ii) their dark color promotes
rapid warming in sunlight that speeds larval develop-
ment. This can advance the seasonal occurrence of vec-
tor species in some regions [5], (iii) their shape tends to
collect rainfall, seeds and leaf detritus efficiently provid-
ing food resources for developing larvae [6,7], and (iv)
tires can remain undisturbed for long periods allowing
sequential generations to reach extremely high popula-
tion densities at some sites [8]. Moreover, the vector po-
tential of certain species depends on the conditions they
experience during development. In this respect, mosqui-
toes that develop in tires may be smaller and more sus-
ceptible to infection by viruses from vertebrate hosts
than conspecifics that develop in natural habitats [9].
The prevalence of vector borne viruses in the human
population is a major public health issue in Mexico and
many other parts of Latin America and elsewhere [10-12].
The economic impact of dengue virus alone has been
conservatively estimated at US$2.1 billion per yearLtd. This is an Open Access article distributed under the terms of the Creative
ommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
iginal work is properly cited.
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direct medical attention [13].
In Mexico, the principal vector, Aedes aegypti, is sym-
patric over much of its range with the invasive Asian
tiger mosquito, Ae. albopictus that is currently invading
the country from both northern and southern borders
[14,15]. Ae. albopictus has been firmly implicated as a
vector of dengue and several other mortal arboviruses
[16]. As such, the latter species represents a major emer-
ging public health threat in the Americas [17,18]. Other
mosquito species of medical importance in this region
include Culex species, particularly Cx. quinquefasiatus
and Cx. coronator. Both these species have the capacity
to disseminate various arboviruses including West Nile
virus, an emerging pathogen in the Americas [19].
Vector control programs currently focus on the elim-
ination of larval development habitats, often in combin-
ation with the treatment of water sources with
larvicides, the success of which requires considerable
community participation [20]. These measures are ac-
companied by intra-domiciliary residual spraying, street-
level fogging or aerial application of insecticides during
outbreaks of vector borne disease [21].
The principal larvicide used for control of Ae. aegypti
populations in developing countries is the organophos-
phate temephos (Abate), that is often applied to poten-
tial larval habitats as a mineral granule formulation. The
widespread use of this compound has led to the develop-
ment of resistance in some regions [22,23]. In countries
with greater resources available for public health pro-
grams, temephos has now been replaced with biological
insecticides based on Bacillus thuringiensis var. israelen-
sis or other biorational agents that are derived from, or
mimic, natural substances.
Spinosad is a biorational insecticide produced during
the fermentation of an actinomycete. Spinosad is mix-
ture of two spinosyn neurotoxins that are highly toxic to
certain orders of insects, including Diptera. However,
spinosad has very little toxicity to vertebrates and has re-
cently been approved for use as a mosquito larvicide in
human drinking water [24].
Spinosad has been shown to be effective in preventing
or reducing the development of immature aquatic stages
of important vector species, particularly Ae. aegypti and
Ae. albopictus, Anopheles gambiae, An. pseudopuncti-
pennis, An. albimanus, Cx. pipiens and Cx. quinquefasi-
catus, among others [25]. Most of these studies have
been performed under laboratory conditions; studies on
the control of these species in natural habitats are lim-
ited in number.
The aim of the present study was to evaluate the effi-
cacy of spinosad as a larvicide in car tire habitats. For
this, the performance of spinosad as a larvicide was
compared with a Bti-based product, VectoBac, andtemephos granules in experimental car tires in an urban
environment in southern Mexico.
Methods
Insecticides
Spinosad was obtained as a liquid suspension concentrate
formulation (Tracer 480SC, Dow Agrosciences LLC, In-
dianapolis, IN) containing 480 g active ingredient (a.i.)/l.
Bti was obtained as a suspension concentrate (VectoBac
12AS, Valent BioSciences Corp., Libertyville, IL) contain-
ing 12,000 international toxicity units (ITU)/ml. Teme-
phos was obtained as a generic mineral granular
formulation comprising 1% a.i. (wt./wt.) provided by the
Secretaria de Salud (Mexican government).
Field trials in used car tires
These experiments were performed in a tire repair yard
(14° 50´ N; 92° 11´ W) surrounded by housing in an
urbanized zone in the town of Metapa, Chiapas at an
altitude of 100 m above sea level. A total of 75 used car
tires were arranged in five rows with 15 tires per row, all
in an unshaded location. The distance between tires was
4 m with 7 m distance between adjacent rows, covering
a total area of 36 × 60 m. Each tire was perforated to cre-
ate a 5 cm hole in the wall of the tire. Each tire was tied
using a nylon rope that was fixed to a wooden stake
1.2 m in height that ensured that every tire remained
upright during the experiment. A 4-liter volume of
dechlorinated tap water was poured into each tire at the
start of the experiment.
A strip of filter paper (2 cm width × 15 cm length,
Whatman No. 2) attached to a wooden spatula was
placed resting against the inner side of each tire as an
oviposition substrate.
Pre-treatment sampling was performed at weekly inter-
vals. This involved 3 weekly samples taken in the experi-
ment performed during the dry season and 2 weekly
samples taken in the experiment performed during the
rainy season. In both cases, the sample taken one day
prior to the application of experimental treatments was
considered as timepoint zero. Prior to each sample, tire
water temperature was measured using glass laboratory
thermometers (range −30 to 50°C). Ambient air
temperature and humidity at the experimental site were
measured using a digital thermometer-hygrometer (Sper
Scientific, Scottsdale, AZ). All temperature and humidity
measurements were performed between 09:00 and
12:00 hrs.
Sampling involved emptying the liquid in each tire
through the 5 cm hole in the tire wall. The liquid was
poured through a fine nylon mesh net (20 cm diameter
and with a pore size of 0.70 × 0.17 mm) into a small
bucket. Aquatic insects trapped in the net were immedi-
ately placed in a white plastic tray containing water,
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plastic tubes containing water, labeled and taken to the
laboratory in an insulated box. The water from the
bucket was examined for the presence of additional
arthropods and replaced in the upright tire. Water that
had evaporated during the intersample period was
replaced with dechlorinated tap water to achieve a total
volume of 4 liters. The filter paper oviposition substrate
was removed and replaced with a new strip. Filter paper
strips with evidence of oviposition were labeled and
taken to the laboratory.
One day after the timepoint zero pre-treatment sample
had been taken, one of five treatments was applied to 15
tires arranged in a randomized design. The treatments
were (i) 1 mg i.a/l spinosad (1 ppm), (ii) 5 mg i.a/l spino-
sad (5 ppm), (iii) 0.4 g 1% temephos granules, (iv) 50 μl
Vectobac AS12; v) untreated water (control). Following
the application of each treatment, tires were sampled at
weekly intervals for a period of 12 weeks.
The first experiment commenced on 7 March 2007
during the dry season and ended on 13 June 2007 at the
beginning of the rainy season. The second experiment
started on 25 July and finished on 24 October 2007 that
was completely within the period of the rainy season.
Appropriate measures were taken to avoid cross-con-
tamination between treatments.
Laboratory rearing of larvae and eggs collected from
tires.
Larvae and pupae collected from tire samples, mainly
third and fourth instars, were reared in groups (max-
imum 10 insects/group) in the CRISP (Centro Regional
de Investigación en Salud Pública) insectary at 28 ± 2°C
in Tapachula, Chiapas, Mexico, and fed ad libitum on
powdered diet (Laboratory Rodent Diet 5001, PMI Nu-
trition International, Saint Paul, MN). Adults that devel-
oped from these samples were identified to species.
Similarly, paper oviposition strips from tires were indi-
vidually placed in plastic trays containing dechlorinated
tap water in the CRISP insectary. Larvae that emerged
from these eggs were reared on powdered diet, allowed
to pupate and emerged as adults that were subsequently
counted and identified to species. The proportion of
hatched eggs was noted for each paper strip.
Statistical analyses
Numbers of Aedes spp. larvae and pupae were summed
prior to analysis due to the low numbers of immature
insects in some treatments. The same procedure was ap-
plied to larvae and pupae of Culex spp. and chironomids
in separate analyses. Separate mixed models were then
fitted using the results from each genus of insects. For
this, a compound symmetry covariance structure was
specified in SAS (SAS Institute Inc., Cary, NC). Todefine critical levels of significance Bonferroni correction
was applied to all multiple comparison procedures that
resulted in α = 0.005. To meet normality assumptions,
numbers of eggs oviposited on paper strips required loge
(x+ 0.5) transformation whereas proportions of hatched
eggs were arcsine-transformed (arcsin √p) prior to ana-
lysis of variance with treatment and season (wet vs. dry)
defined as factors. Numbers of ostracods and Toxor-
hynchites theobaldi immature stages were normalized by
loge (y + 0.5) transformation and subjected to multivari-
ate ANOVA (MANOVA). The significance of treatment
differences was determined by Tukey test (P< 0.05).
Results
Dry season study
The average (±SE) air temperature during the dry season
sampling period was 34.9 ± 0.3°C (range 26.8 – 43.7°C)
whereas relative humidity averaged 55.3 ± 1.1% (range 35
- 81%). Average tire water temperature was 27.8 ± 0.6°C
(range 24–32°C). The average volume of water that eva-
porated between sampling times was 0.92 ±0.03 L; losses
due to evaporation were replaced with dechlorinated
water at each sample.
A total of 2,150 Aedes spp. larvae + pupae were
observed in the three pre-treatment samples compared
to 25,417 in the post-treatment samples. In total,
16,548 Culex spp. larvae + pupae were observed in pre-
treatment sampling compared to 22,284 in post-
treatment samples. Very low numbers of Uranotaenia
spp. (N= 132) and Limatus spp. (N = 6) were observed
in post-treatment samples but not in pre-treatment
samples; these minority species were not considered
further. Chironomids were also present in samples:
165 individuals were observed in pre-treatment sam-
ples and 11,277 individuals in post-treatment samples.
All chironomids appeared to be species of the genus
Chironomus based on the characteristic red coloration
of the larvae.
Larvae and pupae of Aedes spp. were present in
all pre-treatment samples and increased in number dur-
ing the pre-treatment sampling period in all cases
(Figure 1A; statistical comparisons between treatments
at each sample time shown in Figures 1, 2 and 3 are
given in Additional file 1 online: http://www.parasite-
sandvectors.com). Numbers of Aedes spp. in the con-
trol treatment fluctuated between 11.4 and 106.3
larvae + pupae/tire in each sample during the 12-week
post-treatment period. One week post-treatment the
numbers of Aedes spp. larvae + pupae was reduced to
zero in all treatments except the control (F4, 70 = 30.2,
P< 0.0001).
VectoBac treatment resulted in one week of control,
after which numbers of Aedes spp. immature stages were
similar to that of the control treatment until the end of
AB
Figure 1 Mean (±SE) numbers of Aedes spp. larvae + pupae
observed in car tires sampled at weekly intervals pre- and
post-treatment with insecticides in experiments performed
in (A) dry season and (B) wet season, in southern Mexico.
For clarity, only half the error bar is shown for some points.
A
B
Figure 2 Mean (±SE) numbers of Culex spp. larvae + pupae
observed in car tires sampled at weekly intervals pre- and
post-treatment with insecticides in experiments performed
in (A) dry season and (B) wet season, in southern Mexico.
For clarity, only half the error bar is shown for some points.
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more effective at controlling Aedes spp. immature
stages than any of the other insecticide treatments
(F14, 979 = 65.2, P< 0.0001). Spinosad at concentrations
of 1 ppm or 5 ppm provided 6 or 8 weeks of complete
control, respectively, after which numbers of Aedes spp.
were significantly lower than that of the control treat-
ment until 9 or 12 weeks post-treatment, respectively
(Figure 1A). Temephos granule treatment resulted in
4 weeks of complete control after which numbers of
Aedes spp. fluctuated for 5 weeks before consistently
reaching numbers similar to that of the control treat-
ment at 10 weeks post-treatment.
Results on the control of Culex spp. larvae + pupae
during the dry season were similar to those observed for
Aedes spp. Pre-treatment observations revealed that
Culex spp. immature stages were present in all treat-
ments and were generally more abundant than Aedes
spp. immature stages (Figure 2A). Numbers of Culex
spp. in the control treatment varied between 25 and 110larvae + pupae per tire during the post-treatment period.
VectoBac treatment resulted in a significant but minor
reduction in the numbers of Culex spp. at 1-week post-
treatment, after which numbers remained significantly
below control numbers in all samples taken thereafter,
except for those samples taken at 2, 8, and 10 weeks
post-treatment. The spinosad treatments provided longer
lasting control of Culex immature stages than VectoBac
or temephos treatments. The 1 ppm spinosad treatment
provided 6 weeks of absolute control followed by 6 weeks
of partial control of Culex spp. whereas the 5 ppm spino-
sad treatment resulted in 8 weeks of complete control
followed by 4 weeks of partial control with very low
numbers of Culex larvae + pupae observed in tires from
this treatment. In contrast, the temephos granule treat-
ment resulted in 3 weeks of absolute control after which
numbers fluctuated and were often similar to those
observed in the control and VectoBac treatments
(Figure 2A).
Colonization of tires by chironomids (mostly Chirono-
mus spp.) was slow at the start of the dry season
AB
Figure 3 Mean (±SE) numbers of chiromomid larvae + pupae
observed in car tires sampled at weekly intervals pre- and
post-treatment with insecticides in experiments performed
in (A) dry season and (B) wet season, in southern Mexico.
For clarity, only half the error bar is shown for some points.
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during the pre-sampling period (Figure 3A). Similarly,
chironomids did not colonize the control treatment until
3 weeks post-treatment. VectoBac provided no control of
chironomid larvae whereas temephos granules delayed
colonization for 1 week compared to the control treat-
ment. In contrast, 1 ppm spinosad treatment resulted in
reduced chironomid densities during weeks 4–9 of the
dry season experiment compared to control densities.
The most effective treatment was 5 ppm spinosad that
provided complete protection against chironomid
colonization of tires for 5 weeks post-treatment and
resulted in very low levels of chironomid larvae + pupae
for the remaining 7 weeks of the experiment.
Rainy season study
The mean air temperature during the rainy season sam-
pling period was 31.2 ± 0.2°C (range 27 – 37°C). Relative
humidity varied from 57.7 - 86.8% with a mean value of
68.4 ± 0.8%. The average tire water temperature was
26.2 ± 0.04°C (range 23–32°C). The average volume of
water that evaporated from tires between samples was0.80 ± 0.02 L; evaporational losses were replaced with
dechlorinated water at each sample.
A total of 7,999 Aedes spp. larvae + pupae were
observed during the pre-treatment period compared to
28,064 in the post-treatment samples. In total, 4,620
Culex spp. larvae + pupae were observed in pre-treatment
sampling compared to 10,579 in post-treatment samples.
Very low numbers of Uranotaenia spp. (7 specimens in
pre-treatment samples and 66 in post-treatment samples)
and Limatus spp. (79 specimens exclusively in post-
treatment samples) were observed and were not consid-
ered further. A total of 1,408 chironimids were observed
in pre-treatment samples and 9,270 in post-treatment
samples. Almost all chironomids were members of the
genus Chironomus, but were not identified to species.
Immature stages of Aedes spp. were registered in all
treatments during pre-treatment sampling although
significant differences were observed in pre-treatment
samples that may be related to variation in the establish-
ment of mosquito populations in the tires (Figure 1B).
The numbers of Aedes larvae + pupae fluctuated
between 29.7 and 217.8 individuals/tire during post-
treatment sampling in the control treatment. Application
of VectoBac provided 1 week of complete control of
Aedes spp; samples taken subsequently indicated that
this treatment did not provide significant control of
Aedes immature stages during the period of the trial.
The 5 ppm spinosad treatment was significantly more
effective at controlling Aedes immature stages than any
of the other treatments (F13, 913 = 48.1, P< 0.0001). The
1 ppm and 5 ppm spinosad treatments resulted in
complete control of Aedes spp. during 6 and 8 weeks,
respectively. This was followed by a period of significantly
reduced immature numbers in four of the five subsequent
samples in the 1 ppm spinosad treatment and in all four
weekly samples taken during the final month of the trial
in the 5 ppm spinosad treatment (Figure 1B). Temephos
treatment gave complete control of Aedes spp. for 4 weeks
followed by partial but significant reductions in numbers
of immature stages, compared to those registered in the
control treatment, in six of the following eight samples.
In the case of Culex spp., immature stages were present
in all treatments prior to the application of experimental
treatments (Figure 2B). Numbers of Culex spp. larvae +
pupae varied between 4.1 and 70.5 individuals/tire during
post-treatment sampling in the control treatment. The
VectoBac treatment had no immediate significant effect
on numbers of Culex spp immature stages, although
numbers in 4 out of 12 samples during the post-treat-
ment period were significantly reduced compared to the
control treatment.
The 1 ppm spinosad treatment resulted in complete
elimination of Culex immature stages for 5 weeks post-
treatment, after which numbers of larvae + pupae
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sample (Figure 2B). Similarly, the 5 ppm spinosad treat-
ment resulted in a complete absence of Culex immature
stages for 6 weeks post-treatment followed by very low
numbers or absence of members of this genus until the
end of the trial. The temephos treatment resulted in
3 weeks of absence of Culex spp. in tires. After that time
numbers in the temephos treatment were statistically
similar or higher than those observed in the control for
5 out of 9 samples, or for 8 out of 9 samples compared
with the VectoBac treatment.
Tires were rapidly colonized by chironomids in the
wet season experiment; chironomids were observed in
all treatments in the zero timepoint sample, immediately
prior to the application of each treatment (Figure 3B).
Numbers of chironomid larvae + pupae in the control
fluctuated between 2.9 and 52.6 during the post-
treatment period. VectoBac and temephos granules pro-
vided 1 week of control of chironomids and thereafter
numbers fluctuated in these treatments but did not dif-
fer significantly from those of the control in 6 of the fol-
lowing 11 samples. Both spinosad treatments resulted in
significantly reduced chironomid numbers for the
12 week post-treatment period of the experiment, except
for one sample in the 5 ppm spinosad treatment taken
at 10 weeks post-treatment (Figure 3B).
Oviposition, egg hatch and laboratory rearing of field
collected insects
In the dry season, a total of 7451 eggs of Aedes spp. were
registered on oviposition traps. Total egg numbers per
treatment ranged from 1095 to 1916 (pooled across all
samples) but did not differ significantly between treat-
ments (F4, 70 = 1.9, P= 0.1). Of the eggs reared to
adulthood in the laboratory, 53.8% (N=663) were
Ae. albopictus and the remainder Ae. aegypti.
Significantly higher numbers of eggs were laid in the
wet season compared to the dry season (F1, 144 = 5.7,
P= 0.01) with a total of 9581 Aedes spp. eggs registered
on oviposition traps. Egg numbers on oviposition traps
varied from 75.9 ± 10.9 eggs per replicate in the temephos
treatment (total 1139) that was significantly reduced
compared to the 5 ppm spinosad treatment (96.8 ± 18.0),
1 ppm spinosad (157.3 ± 26.5) VectoBac (182.9 ± 30.6)
and control (125.9 ± 21.8) treatments (F4, 70 = 3.3,
P= 0.01).
Aedes albopictus was more prevalent in the wet season
than in the dry season with 67.9% (N= 1513) of the eggs
reared to adulthood in the laboratory, being Ae. albopic-
tus and the remainder Ae. aegypti. The percentage of
egg hatch across all treatments increased significantly
from 27.0% (N= 75) in the dry season to 32.6% (N= 75)
in the rainy season (F1, 144 = 23.4, P <0.001). Percentage
of egg hatch did not differ significantly betweentreatments in the dry season (F4, 70 = 0.5, P= 0.7),
whereas in the rainy season egg hatch was significantly
higher in the temephos (36.8%), control (33.4%), Vecto-
Bac (32.8%) and the 1 ppm spinosad (30.9%) treatments
compared to the 5 ppm spinosad treatment (29.2%)
(F4, 70 = 3.2, P= 0.018).
A total of 1681 adult mosquitoes were reared in the
insectary from larvae and pupae collected from experi-
mental tires during the dry season, 95.2% of which were
identified to species. Of the Aedes spp. reared from lar-
vae and pupae collected in the dry season, 52.8%
(N= 887) were Ae. aegytpti and 37.7% (N= 634) were
Ae. albopictus. The adult sex ratio was 0.45 male for
Ae. albopictus and 0.48 male for Ae. aegypti. The
remaining specimens comprised Culex coronator 0.24%
(N= 4), Haemagogus equinus 4.5% (N= 76) and 80 speci-
mens of Culex spp. (4.8%) that were not identified to
species. These species were clearly underrepresented in
laboratory rearing that was designed specifically to esti-
mate variation in the relative abundance of each of the
Aedes species present.
Overall, 97.5% of adult mosquitoes reared in the la-
boratory from samples taken in the wet season were
identified to species. Of the Aedes spp. reared from field-
collected larvae and pupae, 64.3% were Ae. albopictus
(N= 2533) and the remainder were Ae. aegypti
(N= 1098), and four specimens of Ae. podographicus.
The adult sex ratio was 0.49 male in Ae. albopictus and
0.51 male in Ae. aegypti. Of the four remaining species
that were not Aedes spp., 1.6% were Cx. coronator
(N= 65), 0.3% were Cx. quinquefasciatus (N=11), 2.5%
Culex spp. (N = 98), and the remainder 2.6% were
Hg. equinus (N= 104) or 0.6% Limatus durhamii
(N= 25), although again, these values are clearly under-
estimates of the prevalence of these species in tires.Effects on non-target organisms
During the dry season experiment a total of 912 non-
target organisms were observed during post-treatment
sampling. The most abundant predators of mosquito
and chironomids were ostracods and the predatory mos-
quito Toxorhynchites theobaldi with 36 and 685 speci-
mens, respectively, registered over the dry season study.
Small numbers of coleopterans (N= 10), copepods
(N= 6) were also registered, as were other organisms
(N= 275), most of which were insects that had likely
drowned. Numbers of predatory ostracods and Tx. theo-
baldi differed significantly between treatments (Pillai's
F8, 88 = 2.501, P= 0.01). Predator Tx. theobaldi were
absent in the 5 ppm spinosad and temephos treat-
ments, whereas ostracod numbers were lowest in the
two spinosad treatments during the dry season experi-
ment (Table 1).
Table 1 Mean (±SE) numbers of Toxorhynchites theobaldi
and ostracods observed in tires following insecticide
treatments in the dry and wet season trials






Control 1.3 ± 1.1a 23.8 ± 11.9a 6.8 ± 2.3a 9.7 ± 5.1a
VectoBac 12AS 0.4 ± 0.4ab 24.5 ± 12.6a 2.2 ± 1.3ab 43.0 ± 34.5ab
1 ppm spinosad 1.3 ± 1.1a 2.8 ± 2.3b 2.0 ± 1.6ab 0.0 ± 0.0a
5 ppm spinosad 0.0 ± 0.0b 0.0 ± 0.0b 1.0 ± 0.4b 0.0 ± 0.0a
Temephos 0.0 ± 0.0b 5.9 ± 2.8ab 4.9 ± 1.3ab 159.0 ± 67.7b
Mean values were pooled across the 12 week period following insecticide
treatment.
Values followed by identical letters do not differ significantly for comparisons
between treatments within each column (Tukey test, P> 0.05).
Dry season treatment effect, MANOVA, Pillai's trace 0.3705, F8, 88 = 2.501,
P= 0.017.
Wet season treatment effect, MANOVA, Pillai's trace 0.52934, F8, 88 = 3.959,
P< 0.001.
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in the wet season compared to the dry season, with a
total of 3129 specimens registered in post-treatment
sampling in the wet season. The total number of preda-
tory Tx. theobaldi was 233 and a total of 2550 ostracods
were registered. There were also increased numbers of
copeopods (N= 363) compared to the dry season, but
few coleopterans (N= 4) and few other insects (N= 9).
Treatment differences in Tx. theobaldi and ostracod
numbers were highly significant in the wet season (Pil-
lai's F8, 88 = 3.959, P< 0.0001). Mean numbers of
Tx. theobaldi were lowest in the 5 ppm spinosad treat-
ment and were similar to the control in the other treat-
ments (Table 1). Unexpectedly, mean numbers of
ostracods were highest in the temephos and VectoBac
treatments for reasons that are not clear, significantly
lower in the control treatment and absent in both the
spinosad treatments.
Discussion
Car tires are important habitats for mosquito develop-
ment because of the high density populations that they
can harbor and their frequent proximity to peridomestic
and urban settings. In the present study the predomin-
ant mosquito species observed developing in car tires
were Ae. aegypti, Ae. albopictus, Cx. quinquefasiatus,
and Cx. coronator. Analysis of tire-inhabiting mosquitoes
in the eastern United States noted that studies have
reported an average of eight species in each mosquito
community, including Ae. albopictus among the most
commonly reported species in tires in the south-eastern
US [4].
The abundance of all the species was seasonally
affected; mosquito population densities were approxi-
mately twice as high in the wet season compared tothe dry season. This difference was particularly marked
in Ae. albopictus that represented 53.8% (eggs on ovi-
traps) or 37.7% (laboratory-reared larvae) of the Aedes
populations in the dry season compared to 67.9% or
64.3% of the Aedes populations during the rainy sea-
son, based on insects reared from ovitraps or labora-
tory-rearing of field-collected larvae, respectively.
Similar seasonal differences in the dominance of Ae.
albopictus populations over those of Ae. aegypti have
been reported from tire habitats in Brazil [26] and
cemetery habitats in Mexico [27].
Spinosad was clearly the most efficient larvicide tested
with absolute or near absolute control of developing
Aedes spp. and Culex spp. larvae for periods of 6–
8 weeks depending on season and concentration. The
5 ppm spinosad treatment provided complete larvicial
activity for between one and two weeks longer than the
1 ppm spinosad treatment. The duration of the control
period was broadly similar during the wet and dry sea-
sons, although it was not possible to test this formally as
experiments were not replicated within seasons. None-
theless, this observation indicates that the dilution of
spinosad by rainfall during the wet season was unlikely
to be a significant factor affecting the residual toxicity of
this product in experimental tires. Previous studies by us
[28] suggest that exposure to sunlight was likely to have
been a significant factor affecting the duration of larvici-
dal activity, given that the half life of spinosad in an
aquatic environment has been estimated at <3 days
when directly exposed to solar ultraviolet radiation [28].
Despite this, spinosad continued to exhibit partial larvi-
cidal activity for several weeks after larvae were first
observed to have recolonized treated tires. It is also im-
portant to note that the present study is the first to re-
port effective control of Cx. coronator by spinosad in
habitats where this species is common but see [27], al-
though the relative abundance of this species could not
be estimated from laboratory-reared samples that were
designed to estimate the variation in the Aedes species
present in tires. The neotropical Cx. coronator is now
attracting attention as it rapidly invades temperate areas
of the southern United States [29].
The period of larvicidal activity was similar between
Aedes and Culex mosquitoes, suggesting that both these
genera are broadly similar in their susceptibility to this
product. Analysis of published studies on laboratory-
based concentration-mortality metrics suggested no sys-
tematic differences in susceptibility to spinosad accord-
ing to genus [25]. According to this analysis Cx.
quinquefasciatus and Ae. aegypti were of intermediate
susceptibility whereas the susceptibility of Ae. albopictus
was reported to differ markedly in different studies.
Spinosad has been found to eliminate or dramatically
reduce numbers of immature aquatic stages of Ae.
Marina et al. Parasites & Vectors 2012, 5:95 Page 8 of 10
http://www.parasitesandvectors.com/content/5/1/95aegypti and Ae. albopictus in cemetery water containers
in Mexico [27,28], Ae. aegypti in water jars in Thailand
[30], Cx. pipiens in septic tanks in Turkey [31] or Cx.
pusillus, Cx. pipiens and Aedes caspius in flooded fields
in Egypt [32], Cx. quinquefasiatus in field microcosms in
California [33], or cesspits, street drains, and disused
wells in India [34], Cx. pipiens pipiens, Cx. restuans, and
Ae. japonicus in catchbasins in Connecticut [35], Psoro-
phora columbiae in rice plots in Florida [36], and An.
stephensi in water tanks in India [37]. Spinosad was also
successfully used alone, or in mixtures with an insect
growth regulator, for control of insecticide-resistant Ae.
aegypti populations in Martinique [38,39]. From this, it
is clear that relatively few field studies have been per-
formed to date using spinosad, even with mosquito spe-
cies of major public health performance.
The larvicidal performance of VectoBac was relatively
poor with one week of complete control of Aedes spp.
larvae in each season and no discernible control of Culex
spp. The low persistence of this Bti-based product, also
reported in previous trials, particularly when exposed to
direct sunlight [40-42], underscores the need to employ
sustained release formulations of Bti to achieve more
than fleeting control of mosquito larvae [43].
Temephos was intermediate in the duration of larvici-
dal performance between Bti and spinosad. Temephos
granules provided absolute control of Aedes spp. for ap-
proximately one week longer than that of Culex spp.
However, temephos did not provide the long periods of
control reported elsewhere [44,45], for reasons that are
unclear.
In a recent smaller-scale study [46], the efficacy of a
tablet formulation of spinosad (Natular DT, Clarke Mos-
quito Control Products Inc., Roselle, IL) was tested
against that of 1% temephos granules for control of tire-
dwelling mosquitoes in northern Mexico on the border
with the United States. Spinosad treatment at an esti-
mated rate of 5.25 pm a.i. performed as well as teme-
phos for control of Aedes spp. and Cx. quinquefasiatus
during a 98 day fall and winter period when mosquito
populations were very low.
Chironomids were highly sensitive to spinosad al-
though the chironomid fauna of Mexico is very poorly
described and only four species have been reported from
the state of Chiapas (S. Ibáñez, pers. comm.), arguably
the most biodiverse Mexican state. Chironomid densities
remained low in spinosad treatments, compared to the
control or other treatments, for most of the duration of
the study. Laboratory assays have demonstrated spinosad
toxicity to a chironomid species of agricultural import-
ance [47], and previous trials reported between 7 and
22 weeks of complete control of chironomids in ovipos-
ition traps, depending on treatment concentration and
season [48]. It was clear that temephos and VectoBaconly briefly affected chironomid populations present in
tires. These results suggest that spinosad also merits
evaluation for the control of biting midges (Ceratopogo-
nidae) given its high toxicity to members of this family.
Ostracods are common inhabitants of tire habitats
[6], and together with Tx. theobaldi, were the most
abundant non-target fauna in experimental car tires.
These taxa were not affected by VectoBac treatment
due to the high specificity of the bacterial endotoxins,
but were reduced in the presence of spinosad or teme-
phos residues. Whether this was due to the toxicity
characteristics of these insecticides or due to the
reduced numbers of potential mosquito and chironomid
prey items present in spinosad and temephos treat-
ments is unclear and requires laboratory toxicity stud-
ies. In contrast, Toxorhynchites sp. larvae were observed
in the control and spinosad-treated tires on about half
of the sample dates although a quantitative analysis was
not performed [46]. Temephos treatments have been
reported to adversely affect crustacean and benthic
macroinvertebrate populations [49-52], reflecting the
broad spectrum of insecticidal activity of this com-
pound. In line with its selective ecotoxicological profile,
spinosad demonstrated no significant toxicity to a range
of aquatic insects in laboratory tests, with the exception
of plecopteran species [53]. The susceptibility of daph-
nids to spinosad varies widely [54], although Daphnia
pulex was clearly less susceptible to spinosad than to
the organophosphate diazinon [55].Conclusion
Spinosad treatments provided effective lasting control of
Ae. aegypti, Ae. albopictus, Cx. quinquefasiatus and Cx.
coronator in experimental car tires in an urban setting in
southern Mexico, both in the dry season and the rainy
season when populations of these mosquitoes increased
markedly. In this sense, spinosad outperformed Vecto-
Bac and temephos granule treatments that provided
brief or intermediate periods of control. Populations of
other organisms, notably chironomids, ostracods and the
predatory mosquito Tx. theobaldi were also reduced in
spinosad and temephos treatments. The results of this
study contribute to a growing literature indicating that
spinosad is a highly effective larvicide against mosqui-
toes in urban areas, where vector control measures are a
key component of public health programs.Additional file
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